We studied post-and pre-embedding staining of sugarbinding sites on thin sections of Staphylococcus aureus with an electron microscopic neoglycoprotein-gold technique. Although gold partides of cellobiosyl bovine serum albumin (BSA)-glycosylated BSA-, lactosyl BSA-, and melibiosyl BSA-gold did not label, heavy labeling of N-acetylglud d e -B S A -g o l d was observed in both the cell wall and the cytoplasm on Spurr-embedded thin sections ofS. aureus. Inhibition of labeling with wheat germ agglutinin-biotin and N-acetylglucosaminide indicated that the labeling was due toN-acetylglu"ine. These data suggested that molecules that bind specifically with N-acetylglucosamine
Introduction
Many intact bacteria possess the ability to bind and agglutinate erythrocytes and other types of cells (1,4,6,7,10, 17, 18) . Bacteria are also known to adhere to animal cell surfaces through bacterial lectins, and the adherence of bacteria is an important step in their pathogenesis (1,7,13,14,17,18). In addition to lectins, there are a number of other sugar-binding proteins. These include sugarspecific enzymes (e.g., glycosidases, glycosyltransferases), transport proteins, and toxins (9). Localization of sugar-binding sites in bacteria, however, is not fully understood, mainly because of the technical difficulties.
Recently, cytochemical techniques using synthetic neoglycoproteins were employed to localize sugar-binding sites in mammalian cells (2,12) and trypanosomes (5). The neoglycoprotein-gold technique allows high-resolution localization of lectins on thin sections by post-and pre-embedding staining. The purpose of this study was to localize at the ultrastructural level the binding sites of neoglycoproteins in Spurr-embedded Stapby/ococcus aureus, which is one of the most common human pathogens.
Correspondence to: Masayoshi Tachibana, MD, PhD, Lab. of Molecular Genetics, Nat. Inst. on Deafness and Other Communication Disorders, NIH, Bldg 36, Rm 5D-08, Bethesda, MD 20892. occur in the cell wall and cytoplasm of S. aureus. Preembedding staining revealed that these molecules are abundant at the surface of the cell wall and that the abundance differs depending on the bacterial strain. An N-acetylglucosamine-specific lectin-like subsrance, gluoosaminidase, and toxins are proposed as candidates for molecules responsible for the labeling, and the possible functional significance of the findings is discussed briefly. (JHistochem Cytochem KEY WORDS: Sugar-binding sites; Lectin; Neoglycoprotein-gold; N-Acetylglucosaminide-gold; Electron microscopy; Staphylococcus aureus.
42:1609-1613, 1994)

Materials and Methods
Neoglycoproteins and Reagents. BSA, GlcNAc-BSA, Cel-BSA, Mel-BSA, Lac-BSA, and P-N-acetylglucosaminidase were purchased from Sigma (St Louis, MO). Glc-BSA and WGA-biotin were obtained from EY Laboratories (San Mateo, CA).
Preparation of neoglppmtein-gold and BSA-gold. Colloidal gold particles (15 nm) were prepared according to the method of Frens (8) and adjusted to pH 6.9. Complexes of neoglycoprotein-gold were prepared based on the method of Kataoka and %vassoli (12). In brief, the optimal amount of neoglycoproteins for stabilization of 10 ml of colloidal gold particles was determined by the salt flocculation test (16) . After mixing for 5 min. 1 ml of 1% (w/v) polyethylene glycol (PEG MW 20.000) in distilled water was added and the mixture was centrifuged at 16.000 x g at 4'C for 1 hr. The precipitated neoglycoprotein-gold complex was suspended in PBS, pH 7.4, containing 0.02% PEG, centrifuged at 4°C for 1 hr, re-suspended in 0.5 ml PBS containing 0.02% PEG, and stored at 4'C. Gold-labeled BSA (BSA-gold) was also used as a control.
Bacterial P r d g . S. aureus 209 P and Wood 46 strains were grown in heart infusion broth at 37'C for 18 hr. The resulting cells, which were in the stationary phase, were harvested by centrifugation and washed with 0.1 M phosphate buffer, pH 7.4. The pellets were fixed with 1% glutaraldehyde in the same buffer at 4°C for 2 hr and embedded in 2% agar. The cells were washed with the buffer at 4'C overnight. dehydrated through a graded series of ethanols, and embedded in Spurr resin. Thin sections were cut on a Porter-Blum ultramicrotome, collected on uncoated 200mesh nickel grids, and processed for cytochemical labeling. Post-embedding Labeling. Thin sections were incubated for 5 min in a drop of PBS and then transferred to individual drops of the diluted neoglycoprotein-gold (GlcNAc-BSA-, Cel-BSA-, Glc-BSA-, Lac-BSAand Mel-BSA-gold) or BSA-gold. After incubation at room temperature (RT) for 30 min. the sections were washed with distilled water, stained with uranyl acetate and lead citrate, and examined with a Hitachi H-500 electron microscope.
Control studies included inhibition and replacement tests. For the inhibition test, &in sections were incubated with neoglycoprotein-gold for 30 min at RT in the presence of BSA, lysostaphin, and GlcNAc-BSA at concentrations of 1 mg/ml or in the presence of N-acetylglucosaminidase and WGA-biotin at concentrations of 0.5 mg/ml.
In the replacement test, GlcNAc-BSA-gold was replaced by BSA-gold in an incubation step.
Pre-embedding Labeling. After incubation for 18 hr, S. u t " 209P and Wood 46 were washed with PBS. They were then suspended in the solution of GlcNAc-BSA-gold or BSA-gold and incubated for 1 hr at 37°C. After being washed three times with PBS, they were fixed in 1% glutaraldehyde and post-fixed in 1% 0,04 in 0.1 M sodium cacodylate buffer, pH 7.4. The pellets were embedded in Spurr resin as described above. The replacement study was done as described for post-embedding labeling.
Post-embedding Staining
Heavy labeling by p-aminophenyl-N-acetyl-P-D-glycosaminide (G1cNAc)-BSA-gold was observed in the cytoplasm and on the cell wall of Spurr-embedded S. aureus 209P strain (Figure 1 ). In contrast, no labeling was seen with cellobiosyl (Ce1)-BSA-gold (Figure 2 ). glycosylated (G1c)-BSA-, lactosyl (Lac)-BSA-, and melibiosyl (Me1)-BSA-golds (not shown). The labeling pattern of gold particles in Wood 46 strain was similar to that observed in 209 P strain (compare Figure 3 with Figure 1 ). Although labeling density was not influenced by addition of BSA to the incubation medium, labeling was abolished by addition of GlcNAc-BSA ( Figure 4 ) or wheat germ agglutinin (WGA)-biotin. Incubation of the sections with BSA-gold did not yield any significant labeling of bacteria with gold particles. When N-acetylglucosaminidase was added, labeling by GlcNAc-BSA-gold was virtually abolished in the cell wall, but some labeling was still observed in the cytoplasm (Figure 5 ) .
Pre-embedding Staining
Dense labeling by GlcNAc-BSA-gold was observed on the outer cell wall surface in Wood 46 strain (Figure 6) . The labeling was much denser than that in post-embedding staining. The numbers of gold particles in the outer surface were diminished in the 209 P strain (Figure 7) . In some bacteria, some cytoplasm or nuclear material appeared to be escaping from a small hole in the cell wall, and this structure was heavily labeled (Figure 8 ). When both strains of S. aureus were incubated with BSA-gold, virtually no labeling was observed.
Discussion
This study clearly demonstrates that the neoglycoprotein-BSA-gold probe technique can provide an alternative method for localizing the carbohydrate receptor or binding sites in bacteria at the ultra-structural level. Since BSA-gold did not label bacteria and the labeling with GlcNAc-BSA-gold was inhibited by GlcNAc-BSA but not by BSA, the observed labeling cannot be attributed to nonspecific adsorption due to BSA and is likely due to the binding activity of GlcNAc. The binding appeared to be specific to a great extent for N-acetylglucosamine for the following reasons. First, the labeling was blocked by WGA, a lectin that binds with N-acetylglucosamine, conjugated with biotin. Second, it was blocked by N-acetylglucosaminidase. Third, no labeling was observed with Mel-BSA-, Cel-BSA-, Glc-BSA-, and Lac-BSA-gold. The partial resistance of the labeling to the digestion of this enzyme ( Figure  5 ) may be due to its incomplete accessibility to the tissue, Although the molecular nature of the observed sugar-binding sites could not be determined directly by this study, we suggest that at least some of them are lectin-like substances. Lectins are sugar-binding proteins or glycoproteins of non-immune origin, which agglutinate cells and/or precipitate glycoconjugates (9). In S. suprophytzcus, bacterial attachment to uroepithelial cells was shown to be mediated by lectins with specificity for N-acetylgalactosamine and N-acetylneuraminic acid (1). In a hemagglutinating strain of S. aurew, a 145 KD protein, which is probably hemagglutinin (i.e., lectin), was shown to bind to human buccal epithelial cells and bovine lactiferous sinus cells (13) . GlcNAc-binding sites localized in the outermost surface of S. aureus Wood 46 and 209P in this study (Figures 6, and 7) also may be involved in the attachment of these strains to host cells. However, the possibility that the strains of S. uureus used in this study or the molecules purified from them agglutinate some cells or precipitate glycoconjugates should be proven before the observed labeling can be attributed to lectins, since they do not agglutinate sheep erythrocytes. Nevertheless, GlcNAc-binding sites localized in the outermost surface also may have other functional significance, as suggested for bacterial surface layer glycoproteins by Messner and Sleytr (15) . Possible functions include (a) protective coats, molecular sieves, or ion and molecular traps, (b) a promoter for cell adhesion and surface recognition, and (c) a cell shape-determininglmaintaining framework.
It is possible that part of the labeling observed is due to enzymes. Among N-acetylglucosamine-specific enzymes, N-acetylglucosaminidase is biochemically detected in S. uureus (20) . Sugai et al. (19) have shown that culture fluid of S. aureus 209P strain exhibits activity of this enzyme. In this regard it is interesting to see the heavy labeling of filamentous structures of the cytoplasm exuding from a small hole in the cell wall (Figure 8 ). This may illustrate a form of release of N-acetylglucosaminidase from cytoplasm to culture fluid.
Since some staphylococcal toxins are likely to bind sugars, they may be responsible for the sugar-binding sites revealed in this study. For example, N-acetylglucosamine-containing ganglioside inhibits the ability of the staphylococcal a-toxin to bind rabbit erythrocytes and to activate the hemolytic response in the cells (11). Staphylococcal enterotoxin-B is found to bind to neutral glycosphospholipids in human kidney (3).
The GkNAc-binding sites were shown to be more abundant in the pre-embedding than in the post-embedding staining. This difference may be attributable to the different timing of labeling. Gold labeling was performed before fixation in the pre-embedding staining, whereas it was performed after fixation and embedding in the post-embedding staining.
